To overcome the genetic and interindividual variability frequently noted in complex phenotypes, we used echocardiographic selection to develop a substrain of myosin light chain (MLC)-Ras (RAS) transgenic mice with an enhanced ventricular hypertrophic phenotype. These echoselected mice were then compared with wild-type (WT) animals and a pressure overload hypertrophy model (transverse aortic constriction; TAC). Echocardiography demonstrated increased wall thickness in RAS compared with the other groups. We developed novel miniaturized physiological technology to quantitatively identify in vivo intraventricular gradients; increased systolic Doppler velocity was seen in the left ventricle (LV) in 69% of RAS vs. none of WT or TAC. Intracavitary pressure gradients were present in 3 of 10 RAS vs. none of TAC or WT. Passive diastolic LV stiffness was not different among the three groups. Myofibrillar disarray was present in all RAS animals and was significantly more extensive (21.7% area fraction) than in TAC (1.5%) or WT (0.0%). RAS mice had selective induction of natriuretic peptide genes in the LV, a pattern distinct from that induced by pressure overload. Juvenile mortality was significantly increased in the offspring of echo-selected RAS parents. We conclude that adaptation of echocardiography to the mouse permits selection for cardiac phenotypes, and that selectively inbred MLCRas transgenic mice faithfully reproduce the molecular, physiological, and pathological features of human hypertrophic cardiomyopathy (HCM). Because previous studies support the concept that hypertrophy in human HCM is secondary to dysfunction created by sarcomeric protein mutations, the current studies suggest that Ras-dependent pathways might play a similar role in forms of human HCM.
Phenotypic variability is the hallmark of complex genetic traits, such as blood pressure and left ventricular (LV) mass, and the individual genes that contribute to such traits are incompletely known. Genetic dissection of such traits depends upon selective breeding of a genetically tractable species (such as the mouse) based upon a measured physiological parameter. Mice transgenic for a ventricular myosin light chain 2 (MLC2v)-ras fusion gene display ventricular hypertrophy and selective diastolic dysfunction in transgenic mice (1) , but significant interindividual variability in phenotype was noted, suggesting the presence of modifier genes. To address this issue, we report the utility of echocardiography as a screening tool to select homozygotes with moderate to severe LV hypertrophy for further breeding, and the subsequent development of a substrain of MLC-Ras mice (RAS) with an enhanced phenotype and Doppler ultrasound evidence for velocity͞ pressure gradients within the LV chamber. Adapting miniaturized transaortic catheterization of the LV to quantitate intraventricular gradients, these RAS mice exhibited features typical of hypertrophic cardiomyopathy (HCM), including echocardiographic LV hypertrophy, increased systolic Doppler velocities in the LV, intraventricular pressure gradients by transaortic catheter, significant myocyte disarray on histological sections, variable myocardial fibrosis, and a selective increase in natriuretic peptide gene expression. Sudden juvenile mortality, in a pattern not previously identified in transgenic mice, was significantly increased in the echo-selected RAS substrain. Finally, a comparison among RAS mice, wild-type (WT) animals, and a pressureoverload hypertrophy model in WT mice (transverse aortic constriction, TAC) demonstrated the obstructive hypertrophy, disarray, selective up-regulation of natriuretic peptide gene expression, and sudden death to be sole features of the RAS mice, and not a feature of generalized hypertrophy per se.
MATERIALS AND METHODS

Generation of MLC-Ras Substrain with Enhanced Phenotype.
Echocardiographic screening of MLC-Ras transgenic mice [founder line F21 (1), third generation in C57 BL͞6J background] was performed in the transgenic animal facility using an Apogee CX (ATL Interspec, Bothell, WA) unit equipped with an ATL 9 MHz annular array transducer using previously described techniques (2) . A visual scoring system for hypertrophy (none, mild, moderate, severe) reliably distinguished between homozygotes with Յ30% increase in LV weight͞body weight ratio compared with historical WT controls (scored as none or mild) and those with Ͼ30% increase (moderate or severe; data not shown). Animals with comparable degrees of moderate to severe LV hypertrophy (assessed by two observers) were intercrossed, and the progeny which likewise demonstrated moderate to severe hypertrophy formed the study group (RAS).
Echocardiography. For subsequent experiments, WT and TAC mice of comparable age and strain (C57 BL͞6J) were compared with RAS. Animals from each group were anesthetized using 100 mg͞kg ketamine and 5 mg͞kg xylazine i.p. and imaged using equipment described above. Measurements were obtained using previously described techniques (2); the results of two independent observers were averaged. Color flow Doppler measurements were used to identify areas of increased (aliased) velocities in the LV chamber and outflow tract, and these were quantitated using pulsed and͞or continuous wave Doppler.
Closed Chest Hemodynamics. Immediately following echocardiography, in selected mice the right carotid artery was exposed using a cervical incision as described (3). A bilateral vagotomy was then performed, and a 1.8 F high-fidelity micromanometer-tipped catheter (Millar Instruments, Houston, TX) was inserted into the right carotid artery. The micromanometer catheter was then advanced retrogradely across the aortic valve into the LV and repositioned to obtain a normal LV pressure waveform. The catheter was then withdrawn slowly with continuous recording until the aortic valve was again crossed; this process was repeated twice. Measurements of LV systolic and diastolic pressures as well as the rate of change of pressure (dP͞dt) were determined (3). For TAC animals, a fluid-filled flame-stretched PE50 tubing was also attached to a manometer and introduced into the left carotid artery to measure the trans-stenotic pressure gradient, ensuring that adequate pressure-overload was present.
Pressure-Overload Hypertrophy. C57 BL͞6J adult mice (Harlan-Sprague-Dawley) were anesthetized using 100 mg͞kg ketamine and 5 mg͞kg xylazine i.p. and underwent transverse aortic constriction via a mini-thoracotomy in the left third intercostal space as described (3) . Animals were allowed to recover; echocardiography and closed chest hemodynamics were performed 1 week after induction of pressure overload, a time at which the hypertrophic response plateaus (3). To control for a potential delay in the development of fibrosis or myocyte disarray, a second group was studied 2 months after aortic constriction.
Morphological Analysis. Hearts were arrested in diastole with a KCl-containing buffer (2) supplemented with adenosine (7.4 M). For diastolic pressure-volume analysis, the heart was then rapidly excised and a polypropylene membrane balloon (connected to a Statham P23 Db pressure transducer and 100 l Hamilton syringe) secured in the LV. After determination of the chamber volume at zero pressure (V 0 ), volume was infused into the balloon in 2.5-l increments and pressure recorded after recoil, until a pressure of 40 mmHg was reached. Measurements were repeated three times for each heart, and the results averaged. Data from each heart were fitted to a third-order polynomial curve for analysis (4) and were analyzed using both ''natural'' strain [P vs. V ϫ dP͞dV (5)] and LaGrangian strain [P vs. (V Ϫ V 0 )͞V 0 )]. Hearts were then fixed with 2% paraformaldehyde and l% glutaraldehyde in PBS at a retrograde aortic pressure of 60 mmHg and a left atrial pressure of 5 mmHg (6).
Quantitative Morphometry. For measurement of disarray, transverse sections of the ventricles were embedded in paraffin and sectioned at 5 m, stained with hematoxylin͞eosin, and visualized on a Nikon Labophot-2 microscope under a ϫ20 objective fitted with a Sony CMA-D1 RGB color camera. Images were acquired on to a Macintosh Quadra 950 computer using COLORKIT (Data Translation, Marlboro, MA) and analyzed using NIH IMAGE (version 1.52). Regions of interest completely covered the circumferentially oriented midwall fibers of the interventricular septum, as described (8) . Identification of abnormally arranged cardiac muscle cells was performed as described (7) . The area fraction of disarray was expressed as the proportion of the regions of interest occupied by disarrayed myocytes. For analysis of collagen, tissue blocks were cut from the LV free wall parallel to the epicardium and sectioned as above. After staining with picrosirius red, sections were visualized using a ϫ40 objective and transilluminated with either incident light (for determination of total tissue area) or polarized light (with the analyzer polarized at 90 degrees to the incident plane, for determination of birefringent collagen area), using previously described methods (8) . Twenty fields were analyzed from each heart, and the results averaged. The area fraction of collagen was expressed as birefringent area͞total tissue area.
Gene Expression Analysis. Total RNA was prepared from individual LVs (WT, n ϭ 7; TAC, n ϭ 7; RAS, n ϭ 7) by homogenization with a polytron (Brinkmann) and extracted by RNazol (Cinna͞Biotecx Laboratories, Friendswood, TX). Ten micrograms of mRNA from each sample was separated on a 1% agarose formaldehyde gel and transferred to a nylon membrane (Magna NT; Micron Separations, Westboro, MA). Prehybridization and hybridization were performed in aqueous solution (QuikHyb; Stratagene). cDNA probes included a 464-bp fragment of mouse brain natriuretic peptide (BNP) prepared by PCR from heart cDNA using primers spanning the coding region (5Ј-GAGACAAGGGAGAACACGG-3Ј, 5Ј-ACACGGACGTAAGCCTCACT-3Ј); 3Ј end of the rat atrial natriuretic peptide (ANP) cDNA (9); 3Ј end of mouse MLC2v cDNA (10); 3Ј end of mouse MLC2a cDNA (11); ␣-skeletal actin, smooth muscle actin, ␣ cardiac actin, and ␤-myosin heavy chain (MHC) fragments were prepared by PCR from mouse heart cDNA using primers previously described (12) . Data from densitometry analysis (Ultroscan LKB; Pharmacia) of the Northern blots were corrected for loading by glyceraldehyde-3-phosphate dehydrogenase (GAPDH; human cDNA probe, ATCC 78105). The normalized value for each was expressed as fold induction over average of corrected WT values for each blot. Loading correction using 28S mRNA was not different than GAPDH.
Statistical Analysis. Comparisons among groups were analyzed by ANOVA, with post-hoc analysis using Scheffe's test. Survival analysis was performed using the log-rank method (Mantel-Haenszel).
RESULTS
Echocardiographic Selection for Enhanced Phenotype.
Echocardiography was performed in the transgenic colony on MLC-Ras homozygotes. Of 91 animals screened, 56 had mild or no LV hypertrophy using a visual scoring system, while 35 had moderate to severe hypertrophy (38%). Of the latter group, 13 animals were selected for further breeding, to enrich for more severe hypertrophy within the MLC-Ras genotype. The progeny of these matings were again screened by echocardiography; 25 of 46 animals had moderate to severe hypertrophy (54%), a significant increase from that seen in the initial screening group (P ϭ 0.02, 2 ). A group of these animals (RAS) aged 10-14 months was studied further and compared with comparably aged WT (C57BL͞6J strain) and WT animals with a surgical model of pressure overload hypertrophy (TAC). Body weights were not different among the three groups (Ras, 30.01 Ϯ 1.17; WT, 33.03 Ϯ 1.40; TAC, 32.50 Ϯ 1.40, mean Ϯ SE). In a separate experiment, LV weights (corrected for body weight) from a randomly selected group of progeny of echoselected MLC-Ras homozygote parents (mean 4.88 Ϯ 0.26 mg͞g, n ϭ 26) were 19% greater than those from nonselected MLC-Ras homozygotes (mean 4.11 Ϯ 0.11, n ϭ 75, P ϭ 0.01 by unpaired t test). In contrast, the mean LV weight͞body weight for WT animals is 3.51 Ϯ 0.05 (n ϭ 94).
Noninvasive and Invasive Assessment. On M-mode echocardiography, LV chamber dimensions were not different among the three groups (Table 1) , and fractional shortening in the RAS and TAC groups were not significantly different from the WT; there was a statistically significant decrease in the RAS group compared with TAC, but the averages were well within the normal range. Mild concentric hypertrophy was present in the TAC group compared with WT, although this did not reach statistical significance. In the 12 RAS mice (with moderate to severe hypertrophy on screening) that underwent serial echocardiographic and hemodynamic studies, average thickness of both the IVS and the PW were significantly increased; the range for IVS was 0.82-2.22 mm in RAS vs. 0.6-1.0 mm in WT, while corresponding values for PW were 0.82-2.54 mm in RAS vs. 0.5-1.1 mm in WT. Considering a difference between IVS and PW exceeding 0.20 mm significant, in seven RAS mice there was predominant hypertrophy of the PW, in one of the IVS, and in four the degree of hypertrophy was equal. Thus, hypertrophy in the RAS LV may be either concentric or asymmetrical, and when asymmetrical may involve either the IVS or PW, but most commonly the latter. No RAS animal had an IVS͞PW ratio Ͼ1.5:1. Occasionally, apical hypertrophy has been noted in RAS mice (J.J.H. and N.D., unpublished observations).
Doppler ultrasound failed to demonstrate any increase in systolic velocities in TAC mice compared with WT, either within the LV cavity or in the outflow tract (localized by color flow mapping). In RAS mice systolic velocities in the LV outflow tract or mid-LV exceeding 0.9 m͞s were present in 8 of 13 (62%) RAS mice, usually marked by a late-peaking waveform (Fig. 1B) . Such a late-peaking signal was present in 36% (14 of 39) of other RAS mice screened and was exclusively associated with moderate-to-severe qualitative hypertrophy. Color Doppler imaging showed aliasing indicative of turbulent flow in the LV outflow tract or mid-cavitary region in 4 of the 13 mice also studied hemodynamically.
Using a new high-fidelity micromanometer tip catheter small enough to pass via the carotid artery and retrogradely cross the aortic valve into the LV of the mouse, it is possible to measure hemodynamics in the closed-chest mouse and to identify the presence of an intraventricular pressure gradient. LV end-systolic pressures, dP͞dt max values, and end-diastolic pressures were not different among the three experimental groups (Table 1) . No intraventricular pressure gradients were found in any WT or TAC mice. In the 12 RAS mice studied hemodynamically after echocardiography, 3 died before a pullback pressure tracing within the LV could be obtained. In 3 of the 9 remaining animals (30%) an intraventricular pressure gradient was recorded (Fig. 1 A) . All 3 of these animals had an increased Doppler velocity signal (exceeding 0.9 m͞s) within the LV, and aliasing of the color-encoded Doppler signal was recorded within the LV in 2 of them, whereas color Doppler imaging was not performed in the third. In all 3 mice, the PW was thicker than the IVS, and either the septal or posterior wall thickness was increased above 0.9 mm [Ͼ2SD above normal (2)]. Two others of the 13 RAS mice studied had aliasing on color imaging; in 1 it was associated with no pressure gradient, while the other animal died before a pullback pressure recording was done. The high-velocity jets in the LV together with color aliasing provide good evidence that the pressure gradients recorded by catheter were due to obstruction to outflow, rather than trapping of the catheter in the hypertrophied LV. The observation that some RAS animals with LV cavity obliteration during systole (as observed by echocardiography) had no gradient on catheter pullback also suggests that the observed pressure gradients were due to obstruction within the LV rather than to trapping. Catheter entrapment can be excluded definitively by LV angiography in human subjects with HCM, but this procedure was not available for the mice. 
LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; FS, fractional shortening; IVS, interventricular septal thickness; PW, LV posterior wall thickness; HR, heart rate; LVESP, LV end-systolic pressure; LVEDP, LV end-diastolic pressure; dP͞dt, instantaneous rate of change of pressure with respect to time. *P Ͻ 0.05 vs. WT; † P Ͻ 0.05 vs. TAC.
to abnormal active relaxation rather than passive chamber wall properties. Similar findings have been reported in human HCM (13) . Using identical methods to those described by Maron and Roberts (7), WT mice exhibited no evidence of disarray (0.0 Ϯ 0.0%, n ϭ 4) while TAC mice had minimal disarray (1.5 Ϯ 0.5%, n ϭ 4). Aortic constriction for 2 months was not different than the 1-week TAC group (1.3 Ϯ 0.3%, n ϭ 4). In contrast, however, RAS mice had 21.7 Ϯ 5.0% disarray (range, 12-30%, n ϭ 4), which was statistically significant vs. both other groups [WT and TAC (combined 1 week and 2 month), P Ͻ 0.001; Fig. 2] . In both extent and range of disarray, RAS mice showed identical findings to HCM in humans, while WT and TAC mice were comparable to normal and diseased human hearts, respectively (7) .
Quantitative analysis of the extent of collagen deposition demonstrated a highly variable increase in collagen area fraction in RAS mice compared with the other groups. Average collagen area fraction in RAS was 3.03 Ϯ 2.06%, with a range from a rather normal 0.8% to a striking 9%; other groups were more uniform, with TAC averaging 0.06 Ϯ 0.03% (n ϭ 8; 1-week and 2-month TAC groups were not different from each other, and these were combined) and WT averaging 0.01 Ϯ 0.01%. Because of marked variability and fairly small sample size, the differences among groups did not reach statistical significance. The pattern of fibrosis seen in the RAS animals with most extensive fibrosis included both fibrous septae and an increase in perivascular collagen. No systematic comparison of subepicardial and subendocardial regions was performed, nor was the interventricular septum evaluated, although no grossly apparent differences were present among different regions. The technique used relatively low magnification; it is possible that less severe degrees of reactive fibrosis might exist in the TAC as well as RAS hearts.
RAS Mice Selectively Increase ANP and BNP Gene Expression. Gene expression of LV mRNA was analyzed by Northern blot analysis in RAS, TAC, and WT mice (Fig. 3) . mRNAs for genes that are not selectively increased during pressure overload hypertrophy, including MLC2v and cardiac ␣-actin, were not selectively increased in any group (Fig. 3B) . Moreover, gene isoforms whose mRNA is typically up-regulated by pressure overload hypertrophy, such as skeletal ␣-actin and ␤-MHC, were selectively up-regulated in TAC mice (2.9 Ϯ 0.6-fold and 2.6 Ϯ 0.5-fold, respectively) but not in WT or RAS (Fig. 3C) . Smooth muscle ␣-actin was not increased in any group, but the atrial isoform of MLC2a was significantly up-regulated in TAC mice, a finding not previously described (Fig. 3C) . The most dramatic changes in gene expression were seen in the natriuretic peptides, ANP and BNP. As expected, aortic banding increased ANP and BNP (15.3 Ϯ 3.2-fold and 3.6 Ϯ 0.5-fold, respectively), but this did not reach statistical significance due to high interindividual variability. Unlike the other genes evaluated, ANP and BNP were strongly up-regulated in RAS mice (22.3 Ϯ 5.6-fold and 4.4 Ϯ 0.8-fold, P Ͻ 0.01 vs. WT, Fig. 3 A and  D) . Therefore, RAS transgenic mice display selectivity in their activation of the components of the embryonic gene program, although they may (and likely do) also have a generalized increase in gene expression accompanying the cardiac growth.
Juvenile Mortality. As seen in Fig. 4 , survival in the juvenile offspring of echo-selected RAS animals (12 litters) was significantly reduced compared with that for RAS heterozygotes (31 litters) using log-rank survival analysis (P Ͻ 0.001). The predominant mortality occurred within 1 week of weaning͞ maturity (14-28 days after birth). Using RAS heterozygotes as a control minimizes the possibility of selection for an unrelated lethal gene cosegregating with the MLC-Ras transgene. Survival of offspring from matings between unselected RAS homozygotes, as well as between RAS heterozygotes and WT animals of an unrelated strain (DBA͞2), was not different than that for RAS heterozygote matings (data not shown).
DISCUSSION
Utility of Echocardiographic Selection for Complex in Vivo
Cardiac Phenotypes in Genetically Manipulated Mice. Creation of a substrain of MLC-Ras transgenic mice, using echocardiography to select for animals with moderate to severe degrees of hypertrophy for further mating, represents a novel method to enrich for a specific cardiac phenotype. By screening successive generations of animals using predeter- mined criteria, substrains can be generated with different characteristics, permitting identification of modifier genes through molecular genetic techniques. The adaptation of echocardiographic techniques to the mouse has been demonstrated recently (2, (14) (15) (16) , and the utility of echocardiography in defining a phenotype of dilated cardiomyopathy has been recently described (17) . In the current work, the selected substrain demonstrated features of human HCM much more striking than those seen in the original strain. This raises the possibility that complex cardiac phenotypes may be dissected into groups of component characteristics, with each group reflecting the activity of a common cellular pathway.
Echocardiographic and Hemodynamic Features of Obstructive Hypertrophy Are Present in RAS Mice. Human HCM in symptomatic individuals commonly displays asymmetrical septal hypertrophy (18) , but documentation of complete pedigrees in humans (19) reveals great variability in the location, symmetry, and extent of hypertrophy within the genetically affected family members of symptomatic patients. While not reporting the prevalence of asymmetrical hypertrophy, a recent report of a murine model expressing mutant ␣-MHC identified at least one transgenic animal with posterior wall hypertrophy and sudden death after exercise (20) . Most patients with HCM do not have dynamic intracavitary obstruction, but when present it is most often seen in the LV outflow tract; in the presence of asymmetrical septal hypertrophy, such obstruction is associated with an abnormally anterior position of the mitral valve, the mitral apparatus meeting the interventricular septum during systole to form the obstruction as documented angiographically (21) and by echocardiography (22) , with a high velocity jet located at that site by Doppler echocardiography (23) . The MLC-Ras substrain contained individuals with both symmetrical and asymmetrical LV hypertrophy, with a late-peaking high velocity Doppler jet in the mid LV or outflow tract. When asymmetrical hypertrophy occurred, it most often involved the posterior wall, whereas asymmetrical hypertrophy in humans usually affects most prominently the interventricular septum (24, 25) . It is possible that other genetic or species-specific factors may be involved in the determination of the distribution of hypertrophy.
Using a new high-fidelity micromanometer tip catheter small enough to retrogradely cross the aortic valve of the mouse, it is now possible to both measure closed-chest hemodynamics and identify the presence of intraventricular pressure gradients. This technique demonstrated such a gradient in 30% of the echo-selected MLCRas substrain. The concurrent presence of a late-peaking high velocity Doppler ultrasound jet within the LV, with turbulent flow (color aliasing) in most RAS mice, further supports the likelihood that the measured pressure gradient usually represented obstruction rather than catheter trapping (26) . Color aliasing by echocardiography was difficult to localize precisely because of the small size of the LV chamber in the mouse; nonetheless, it was clearly at the mid-ventricular level in one of the two mice in which this phenomenon was documented by both Doppler ultrasound and an intraventricular pressure gradient on catheter pullback. These echocardiographic and hemodynamic findings resemble those in a minority of patients with HCM who exhibit mid-cavitary LV obstruction with a pressure gradient at that site, associated with a late-peaking high velocity Doppler jet in the mid-LV or outflow tract (27, 28) , similar to the findings shown in Fig. 1 . This flow pattern also has been reported in some patients without asymmetrical septal hypertrophy who have severe concentric LV hypertrophy, but pressure gradients were not assessed (29) ; because these patients had predominantly hypertensive LV hypertrophy, it is possible that the phenomenon of mid-cavitary obstruction is related to the severity of hypertrophy. The mid-ventricular obstructive variant of human HCM has recently been associated with mutations in MLCs, both the essential light chain (MLC1) and the regulatory light chain (MLC2) (30) . The demonstration of obstruction in a minority of MLC-Ras transgenic mice correlated well with the prevalence of obstruction in human HCM. Thus, these studies document the utility of both Doppler echocardiography and closed-chest, retrograde transaortic LV catheterization in the assessment of cardiac disease in the mouse.
RAS Mice Display Typical Morphological Features of Human HCM. Diastolic dysfunction with preserved or supernormal systolic function is the most common hemodynamic and echocardiographic finding in human HCM. There was no significant difference in the passive stiffness of the LV chamber between RAS mice and normal or pressure-overloaded animals when normalized for chamber size, suggesting that abnormalities in diastolic function are secondary to abnormal active relaxation rather than passive chamber wall properties, as has been reported for humans with HCM (13) . Passive chamber properties cannot be excluded from contributing to the final phenotype, since some individuals demonstrated marked stiffness while others fell within the normal range.
Histologically, the hallmark of human HCM is myocyte disarray, which is quantitatively increased compared with other forms of hypertrophic heart disease (7). Using detailed morphological criteria for muscle cell disorganization, 94% of patients with HCM exhibited myofibrillar disarray (89% had area fractions of disarray Ͼ5%, and 56% had Ͼ25%). Only 7% of hearts from normal individuals or patients with various forms of heart disease exhibited as much as 5% disarray, and none was greater than 10% (7) . Applying this methodology to murine models of hypertrophy, we have demonstrated a striking similarity between the findings in RAS mice and humans with HCM; the validity of this approach is supported by the similar extent of disarray in the pressureoverloaded mouse heart and the hypertrophied human heart. It is intriguing that a longer duration of pressure overload did not affect the prevalence of disarray in the mouse. Because the hypertrophic remodeling of the mouse heart in response to pressure overload (as indicated by chamber weight) is largely complete within 1 week in the mouse (3), this suggests that disarray of myocytes is an epiphenomenon of this hypertrophic process that occurs concurrently with cellular growth. Myocyte hypertrophy with qualitative disarray has also been shown in a murine model which expresses an HCM mutation in the ␣-MHC; interestingly, this transgenic line does not display an increase in LV mass, confirming that disarray is directly related to the hypertrophic process at the cellular level. Assessment of myofibrillar disarray within individual myocytes, using electron microscopy, has not been performed in RAS or TAC mice.
Patients with HCM have an increase in fibrosis in the LV free wall (7.7%, compared with 1.1% in normals). There is a wide variation in the extent of fibrosis in these patients with HCM (95% confidence intervals 0-16.1%). Fibrosis in the MLC-RAS mice mimics the fibrosis found in humans with HCM, and has also been seen in transgenic mice expressing mutant ␣-MHC (20) . The mechanism by which myocyte hypertrophy produces fibrosis remains to be elucidated.
Selective Induction of Natriuretic Peptide Genes Is Unique to RAS Hypertrophy. Increased cardiac mass in the MLC-Ras substrain is not accompanied by activation of the full complement of embryonic gene isoforms previously identified in pressure-overload hypertrophy in rodents. Although an increase in overall gene expression is anticipated in any growth model, MLC-Ras mice display a striking selective upregulation of mRNA for the natriuretic peptides ANP and BNP. Up-regulation of the natriuretic peptides has been documented in LV biopsy samples from humans with HCM (31, 32) , and plasma levels of ANP are increased in HCM patients (32) . Whether induction of natriuretic peptide genes in HCM is also selective among embryonic gene isoforms up-regulated by pressure overload in humans has not yet been assessed. The findings presented above raise the possibility that activation of the natriuretic peptide genes in human HCM and in other hypertrophic heart diseases such as congestive heart failure may involve Ras-dependent pathways.
Offspring of Echocardiographically Selected RAS Mice Have Increased Juvenile Mortality. Sudden death is the most devastating complication of human HCM. Deaths in the offspring of the MLC-Ras echo-selected parents were all of a ''sudden'' nature without prior signs of distress. Sudden death in adolescence and early adulthood is characteristic of the more severe forms of human HCM, and the mechanisms are not yet identified. There are no data thus far regarding incidence or severity of arrhythmias in MLC-Ras mice, and the mechanism of death will be the subject of future investigation. This transgenic line, however, is to our knowledge the first model that may provide insight into the cellular and molecular mechanisms of sudden death.
Summary. We have demonstrated the feasibility of using echocardiography in the mouse to identify a specific cardiac phenotype within a transgenic line, and to create a novel substrain that manifests functional, morphological, and molecular features strikingly similar to human HCM. HCM in humans is both phenotypically and genetically heterogeneous; multiple mutations in several sarcomeric protein genes have been identified, and the extent of LV hypertrophy, as well as other diagnostic features of HCM, varies greatly among affected individuals. This suggests that multiple genetic mutations converge on a common pathway to generate a clinically similar spectrum of heart disease. The MLC-Ras transgenic substrain selected by echocardiography manifested intraventricular pressure gradients suggestive of obstruction, similar to human HCM, demonstrated by adaptation of Doppler echocardiography and closed-chest transaortic catheterization techniques used in humans to the mouse. In addition to previously documented diastolic dysfunction, sudden death occurs in late juvenile͞early adult animals in the selected substrain of MLC-Ras transgenic mice but not in the parental strain, demonstrating that use of echocardiography as a selection tool can enrich for novel, unsuspected phenotypes. Asymmetrical LV septal hypertrophy, a common finding in human HCM, is not common in the MLC-Ras substrain; however, this is not universally seen in HCM either, and the location of hypertrophy in this disorder may reflect input from other (as-yet unidentified) genes. These findings lead to the hypothesis that the multiple genetic mutations seen in sarcomeric proteins may each induce subtle abnormalities in the contractile function of individual myocytes (33) , although sarcomeric assembly is not affected (34) . Such mild contractile dysfunction may then (via unknown growth signals) converge on Rasdependent signaling pathways to produce exaggerated hypertrophy in which overall systolic function is preserved but diastolic dysfunction is initially prominent; this hypertrophic response is characterized by myocyte disarray, variable intracavitary obstruction, patchy fibrosis, and sudden cardiac death. MLC-Ras transgenic mice thus represent a useful model for HCM, which can be used to further elucidate molecular mechanisms underlying various features of the disease, to assess genetic determinants of prognosis, to find and test new modalities of therapy, and to better understand the hypertrophic process itself; the latter has broad implications for many diseases in which cardiac hypertrophy features prominently in adaptation and prognosis, such as hypertensive heart disease, valvular heart disease, and heart failure from many causes.
